Non-thermal high-energy emissions from black holes by a relativistic
  capillary effect by van Putten, Maurice H. P. M.
ar
X
iv
:0
80
3.
20
67
v1
  [
as
tro
-p
h]
  1
3 M
ar 
20
08
Non-thermal high-energy emissions from black holes by a relativistic capillary effect
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MIT-LIGO, 175 Albary Street, NW17-161, Cambridge, MA 02139
Gravitational spin-orbit interactions induce a relativistic capillary effect along open magnetic flux-
tubes, that join the event horizon of a spinning black hole to infinity. It launches a leptonic outflow
from electron-positron pairs created near the black hole, which terminates in an ultra-relativistic
Alfve´n wave. Upstream to infinity, it maintains a clean linear accelerator for baryons picked-up
from an ionized ambient environment. We apply it to the origin of UHECRs and to spectral energy
correlations in cosmological gamma-ray bursts. The former is identified with the Fermi-level of the
black hole event horizon, the latter with a correlation EpT
1/2
90
≃ Eγ in HETE-II and Swift data.
PACS numbers:
I. INTRODUCTION
Non-thermal high-energy emissions are characteris-
tic properties of active galactic nuclei and cosmological
gamma-ray bursts. These emissions are commonly asso-
ciated with ultra-relativistic baryon-poor outflows, repre-
senting the spinning black holes interacting with matter
and electromagnetic fields. While black holes are de-
scribed by merely three parameters of mass, angular mo-
mentum and electric charge, their interactions are medi-
ated by the entire surrounding spacetime subject to radi-
ation boundary conditions on the event horizon and in-
finity. For spinning black holes, Mach’s principle implies
frame-dragging, in which zero-angular momentum states
assume zero angular velocities relative to the distant stars
while corotation with the black hole in its close proxim-
ity. Even though these two examples – AGN and GRBs
– represent systems of hugely different scales, the inher-
ently scale-free continuum of macroscopic black holes al-
lows scaling across a wide range of black hole masses, and
hence a common mechanism for producing non-thermal
high-energy emissions in AGN and GRBs.
The identification of Ultra-High Energy Cosmic Rays
(UHECRs) beyond the Greisen-Zatsepin-Kuzmin cut-off
with nearby active galactic nuclei (AGN) poses the ques-
tion on the physical origin with their remarkable energies
of up to and beyond 1 exa-eV (1018eV) [1, 2]. The ob-
served exa-eV energies probably represent the raw poten-
tial energies generated by the inner engine of an AGN,
rather than a generally less efficient prompt emission pro-
cess in, e.g., turbulent shocks. As such, the UHECRs
point towards a clean site for open, linear acceleration,
which is largely uncontaminated by surrounding bary-
onic matter and is not subject to in-situ pair-cascade
processes.
The association of gamma-ray burst emissions and
their afterglows with non-thermal dissipation of the ki-
netic energy in ultra-relativistic baryon-poor jets poses
the question on the physical mechanism producing these
outflows [3], presumably out of ab-initio baryon-free lep-
tonic outflows following pick-up of baryonic contaminants
[4]. While spinning black holes should naturally be ac-
tive, and pair-creation of leptonic matter is expected to
be prominent in their vicinity, any viable mechanism for
launching ultra-relativistic leptonic jets appears to be
non-trivial in accounting for both the observed macro-
scopic phenomenology in energies, luminosities and du-
rations, and detailed spectral energy correlations [5, 6, 7].
Spinning black holes provide an attractive alternative
for the inner engines of AGN and GRBs in view of the
potentially large amount of spin-energy per unit mass
according to the Kerr metric [8]:
Espin =
1
2
Ω2HIf
2
s , fs =
cos(λ/2)
cos(λ/4)
. (1)
In geometrical units in which Newton’s constant and
the velocity of light are set equal to 1, ΩH =
(1/2M) tan(λ/2) denotes the angular velocity of the
black hole of mass M , I = 4M3 its moment of inertia
in the limit of slow rotation [9], and 0.7654 ≤ fs ≤ 1 is a
moderation associated with relativistic spin rates. With
−pi/2 ≤ λ ≤ pi/2, Espin/M can reach a 29% – which
is one order of magnitude larger than the specific spin
energy of a neutron star. In view of (1), it is tempting
to associate rotating black holes as the energy source in
a wide variety of AGN and, more generally, in extreme
transient sources (recently reviewed in [10]). For exam-
ple, quasars may represent AGN that harbor a super-
massive black hole which spins rapidly. The Kerr solu-
tion further elucidates some remarkable physical aspects
black hole radiation processes. Perhaps first and fore-
most, spontaneous emission of a particle by a spinning
black hole satisfies the Rayleigh criterion
ap ≥ 2M > M ≥ a, (2)
where ap denotes the specific angular momentum of a
radiated particle, a denotes the specific angular momen-
tum of the black hole of mass M and radius rH =
2M cos2(λ/2) with spin rapidity λ, sinλ = a/M . A spe-
cific astrophysical process is required, however, to engage
black holes in radiation processes by suppressing canon-
ical angular momentum barriers [11], which otherwise
stabilize isolated macroscopic black against spontaneous
spin-down. Most astrophysical processes involve an elec-
tromagnetic field, and this offers some novel prospects
2for black hole radiation processes according to the sec-
ond law of thermodynamics [12]
δM = ΩHδ (JH + Jem) + THδSH + [V ]
H
∞δq, (3)
where −δM represents the energy output, Jem refers to
the angular momentum of the electromagnetic field in the
presence of a voltage difference [V ]H∞ between the event
horizon (with electric charge q) and infinity, and THδSH
denotes the associated creation of entropy. Recent spec-
troscopic evidence for rapidly rotating outflows provides
qualitative support for the magnetic fields in disks around
supermassive black holes [13], consistent with launching
outer jets in the form of baryon-rich disk winds by mag-
netic pressure [14, 15].
The Penrose process provides an explicit demonstra-
tion that black hole spin can be released to infinity [17].
However, it is tuned by hand, rather than representing
a natural process, and it is limited to the ergosphere.
Nevertheless, it gives a rigorous demonstration of princi-
ple which satisfies causality and the appropriate ingoing
and outgoing radiative boundary conditions on the event
horizon and, respectively, infinity. It hereby elucidates
a “two-particle” description for the extraction of black
hole spin energy.
Recently, we demonstrated the possibility for the emis-
sion of positive energy-angular momentum particles to
infinity along a magnetic flux-tube along the spin-axis of
the black hole. In an asymptotically uniform magnetic
field [18], Hawking radiation is modified according to [23]
d2N
dtdN
=
Γ
e2pi(E−VF )/gH + 1
, (4)
where Γ denotes the gray-body factor, E the energy of
the radiation particle and VF denotes the horizon Fermi-
level
νΩH = eEMFν (5)
associated with the angular momentum ν = ±eAφ of
particles with charge ∓e along a magnetic flux-surface
2piAφ. It demonstrates that black hole radiation pro-
cesses are inherently non-local (on the macroscopic scale
set by the size of the black hole), here comprising frame-
dragging subject to the radiation conditions on the event
horizon and infinity. The equivalent integral to (4) is the
net electromagnetic force EMFν in (5), associated with a
loop which extends and closes over infinity, the spin-axis,
the horizon surface and the flux-surface ν at hand.
The result (5) shows that angular momentum barriers
can be successfully circumvented by gravitational spin-
orbit coupling through an equivalent level-shift [24]
E = ωJ (6)
of particles with angular momentum J = −γgφφ(Ω−ω),
where Ω denotes the angular velocity relative to infinity,
ω is the local angular velocity frame-dragging in the met-
ric gab, and γ denotes the time component u
t of a velocity
four-vector ub (ucuc = −1). Frame-dragging assumes a
maximal magnitude on the event horizon, where ω = ΩH .
It decays algebraically according to r−3 upon approach-
ing infinity, where r denotes the radial coordinate in
Boyer-Lindquist coordinates. Thus, frame-dragging is
differential in nature, i.e., ∂rω is strong near the black
hole and weak at larger distances. It is hereby not a
gauge-effect. Two particles with orbits at locations r1,2
on a common flux-surface which share the same angular
velocity Ω, experience a potential difference
[E ] = −γgφφ [ω(Ω− ω)] (7)
=
{ −γgφφ[ω](Ω− (ω)) (r2 − r1 << r2 + r1)
γgφφω1 (Ω− ω1) (r2 >> rH) , (8)
where [f ] = f(r2)− f(r1) and (f) = f(r2) + f(r1). The
results (6-8) are universal: they hold regardless of the
origin of J or Ω, e.g., apply to mechanical or electromag-
netical angular momentum.
In (4), electron-positrons have J = ±eAφ [25]. The re-
sult (6) reveals positive and negative energy orbits exist
along the spin axis of a black hole of particles in (ra-
diative) Landau states along a magnetic flux-tube. It is
dramatically distinct from the ergo-sphere, where all cir-
cular orbits (of uncharged particles) have positive energy
[19]. An open magnetic flux-tube along the spin-axis of
the black hole, may now feature pair-wise radiation of
positive and negative energy and angular momentum to
infinity and, respectively, into the black hole–analogous
to the aforementioned Penrose process in the ergo-sphere.
For the ingoing radiation, see further [10].
In this Letter, we point out that the ab-inito interac-
tion (4)-(6) creates an open linear accelerator upstream of
an ultra-relativistic Alfve´n front, whose characteristic en-
ergy is consistent with UHECRs. The resulting emission
of UHECRs is accompanied by simultaneous absorption
of negative energy and angular momentum particles by
the black hole. We apply our model to the recent identifi-
cation of UHECRs with AGN and to some recent spectral
energy correlations in GRBs.
The gradient (6) with respect to r is commonly inter-
preted in terms of the Lorentz invariant E · B, which
is non-zero in a vacuum Wald field [22]. It reflects the
spin-induced non-zero curl of the electric field in Boyer-
Lindquist coordinates (observers that are not rotating
relative to the distant stars) [9, 23]. Its integral is
EMFν in (5). It naturally induces a tendency for charge-
separation, until the invariant E · B is small, especially
so in regions with an effective pair-cascade process [27].
The EMFν is invariant under any such charge-separation
in the zero-dissipation and force-free limit, as charge-
separation merely produces a local redistribution of elec-
tric fields in a semi-infinite open magnetic flux-tube.
The above shows that a spin-induced E · B 6= 0 gives
rise to a relativistic capillary effect: an open magnetic
flux-tube will rapidly develop a continuously extending,
largely force-free (E ·B ≃ 0) section with uniform angular
velocity (upon furthermore neglecting the inertia of the
3charged particles away from the event horizon [9, 27, 28]).
It is bounded by two freely moving boundaries in the form
of two ultra-relativistic Alfve´n fronts (a double-transonic
flow [30]). One moves outwards to infinity, and one moves
inwards to the event horizon of the black hole. This
pair of Aflve´n surfaces represents two corotating Fara-
day disks [10, 29, 30, 32]. While the ingoing Alfve´n sur-
face never reaches the event horizon in a force-free state
[10, 31, 32], the corotating outgoing Alfve´n surface does
communicate a near-horizon induction voltage out to a
larger distance. The outgoing Alfve´n surface will con-
tinue to moves outwards to infinity in a continuous effort
to reduce to E ·B ≃ 0 along the semi-infinite flux-tube–a
black hole spin-induced capillary effect. While near the
black hole, copious production of e± is expected, canon-
ical cascade processes are insufficient to produce in-situ
pair-creation upstream of the outer Alfve´n surface. Here,
the magnetic flux-tube remains in a Wald vacuum state,
until the outgoing Alfve´n wave passes by–a relativistic
capillary motion.
Charge-separation, by capillary extraction of pairs
from the pair-rich black hole environment, introduces
a finite section between r2 and r1 which, if force-free
and highly conductive, will have zero electrostatic po-
tential difference as seen in Boyer-Lindquist coordinates.
Because the EMFν defined above is unchanged under
charge-separation (it performs no work), the potential
difference (8) now emerges outside of the force-free sec-
tion between r2 and r1. In what follows, we identify r1
and r2 with the aforementioned (time-dependent) Alfve´n
surfaces and denote their common angular velocity by
ΩA.
The Alfve´n surfaces communicate a potential differ-
ence (8) along the semi-infinite region [r2,∞] upstream
of the outgoing surface and the finite region [rH , r1] up-
stream of the ingoing surface. This state is astrophysi-
cally realistic, provided there is an external source of the
magnetic field, such as may be supported by an ionized
medium surrounding the black hole in the form of an ac-
cretion disk or torus. It then predicts (a) the formation
of an outgoing leptonic outflow represented by region en-
closed by the two Alfve´n surfaces, (b) a linear accelerator
upstream of the outgoing Alfve´n front and (c) a charac-
teristic energy scale given by the Fermi-level of the event
horizon of the black hole.
We apply the relativistic capillary effect to the origin of
UHECRs from AGN and ultra-relativistic outflows from
the inner engine to cosmological gamma-ray bursts.
The Fermi-level in (4) supports, by aforementioned
corotating Alfve´n surfaces, a potential input to the
largely force-free region upstream of the outgoing Alfve´n
surface. It hereby defines, to within a factor of order
unity associated with current-induced potential drops,
the generator voltage across the linear accelerator which
extends to infinity upon taking the limit r1 → rH in (8),
[E ] = −γgφφ (ΩA − ΩH) ΩH . (9)
When the outer Alfve´n surface has moved out to a large
distance, [E ] represents the generator potential in the
linear accelerator upstream, while the sum of [E ] plus
the potential difference between the inner Alfve´n surface
and the event horizon equals VF , apart from aforemen-
tioned current-induced potential drops across the event
horizon. The latter represents dissipation, according to
[29] TH S˙H =
1
2 ||A˙φ||2+2||IH ||2. In the limit of slow vari-
ations, it reduces to the horizon dissipation given by the
impedance of vacuum [9] and associated with Maxwell
stresses on the event horizon [31].
Thus, baryons picked up from an ionized environment
in upstream of the outgoing Alfve´n surface receive ener-
gies of the order of VF whenever ΩA is between 0 and
ΩH (the same condition as in [9, 27]), i.e.,
E =
(
M
109M⊙
)(
B
104G
)(
θH
0.1
)2
exa-eV (10)
where exa=1018 and θH denotes the half-opening angle
of the open magnetic flux-tube on the event horizon of
the black hole.
The high-energy emissions from gamma-ray bursts
have been attributed to the dissipation of kinetic energy
in ultra-relativistic baryon-poor jets. Let c1 denote the
ratio of observed peak energy Ep to E , comprising the
combined efficiency of converting E into kinetic energy in
a neutron-enriched leptonic jet with subsequent conver-
sion into high-energy gamma-rays in internal and exter-
nal shocks. The associated luminosity in Poynting flux
along the open magnetic flux-tube in the force-free limit
[9, 27, 28]
L = Ω2AA
2
φ, (11)
Let c2 denote the efficiency of converting L into the
true energy in gamma-rays, i.e., Eγ = c2LT90. Then
(6) predicts a positive correlation between peak-energies
in gamma-rays and the true energy in gamma-rays:
EpT
1/2
90 = ekE
1/2
γ , where k = 2c1/
√
c2. Assuming
c2 ∝ c1 and in the approximation of ΩF , ω to be of order
ΩH , the Ghirlanda relation [6]
Ep ∝ E0.7γ (12)
together with the Eichler & Jontof-Hutter correlation be-
tween peak-energies and kinetic energy of the outflow [33]
c1 ∝ E3/2p gives k ∝ E21/40γ ≃ E1/2γ . It follows that
EpT
1/2
90 ∝ Eγ . (13)
The correlation (13) bears out remarkably well the cur-
rent HETE-II and Swift data in [5, 6, 7], compiled in
Fig. 1. It should be mentioned that alternative expla-
nations on the basis of viewing angles are also consistent
the Ghirlanda relationship [6].
To summarize, a frame-dragging induced capillary ef-
fect in an open magnetic flux-tube links the event hori-
zon of a spinning black hole to infinity which predicts
a leptonic outflow downstream of an outgoing Alfve´n
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FIG. 1: Shown is the correlation in the published data of
[5, 6, 7] between the peak energy Ep, the true energy Eγ in
gamma-rays of long-duration gamma-ray bursts with known
redshifts and inferred opening angles, assuming a stellar-
wind type environment to the gamma-ray burst progeni-
tor and using redshift corrected durations T90. A linear fit
gives a slope and Pearson coefficient (s, c) = (1.01, 0.85) to
Y = log
“
EpT
1/2
90
”
(circles) and (s, c) = (0.71, 0.76) in the
Ghirlanda correlation to Y = log (Ep) (triangles).
surface and a linear accelerator upstream. The former
is expected to be largely force-free and Poynting-flux
dominated as envisioned in [27]. It serves to commu-
nicate the horizon Fermi-level to the the boundary of
the latter, which itself remains largely charge-free as
pair-production by spontaneous emission and/or canon-
ical cascade processes are limited to the region around
the black hole. The linear accelerator hereby will ac-
celerate protons from an ionized environment up to the
raw Faraday-induced potentials of spinning supermassive
black holes, consistent with the observed UHECRs in
AGN. It predicts repeat events in [2] within about 100
years at current detection statistics. The leptonic out-
flow itself predicts a correlation between peak-energies,
durations and true energies in gamma-rays (corrected for
geometric beaming) in cosmological gamma-ray bursts
from rapidly spinning black holes consistent with recent
HETE-II and Swift data.
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